Background
==========

A complex interplay of chemical and biological forces is responsible for subcellular structure. There exist in eukaryotic cells gradients between subcellular compartments of chemical properties such as pH, oxidation-reduction (or redox) state and chemical activity of water, among others \[[@B1]-[@B5]\]. Different population of proteins are localized within each subcellular compartment \[[@B6]-[@B8]\]. Within compartments, the relative abundances or levels of different proteins are not equal \[[@B9]\], and different proteins predominate in the various subcellular populations depending on growth state of the cell and exposure to environmental stress \[[@B10]\]. Physical separation of key enzymes is thought to be essential in the cytoskeletal network and in regulation of metabolic pathways and other cellular functions \[[@B11],[@B12]\]. The patterns of subcellular structure persist even though populations of proteins turnover through continual degradation and synthesis in cells \[[@B13]\].

The biosynthesis and transport of proteins in an energy-demanding process \[[@B14]\]. If cells have evolved to minimize their energy expenditure in the maintenance of biological function, it may be reasonable to expect to find signals of energy minimization in cellular organization. One such example is the finding that the relative abundances of amino acids in proteins correlate inversely with the metabolic cost of amino acid synthesis \[[@B15],[@B16]\], and that this is a temperature-dependent function \[[@B17]\]. This observation is consistent with the notion that not all proteins are equal in energetic terms. In thermodynamic calculations of chemical affinity \[[@B18]\], the energy demands of protein formation (including synthesis and transport) are also a function of the local physical chemical environment, which includes variables such as oxidation-reduction potential \[[@B19]\]. It follows that subcellular structures that are characterized by differences in the amino acid composition of proteins and in chemical potentials have distinct energetic consequences.

For the purposes of this study, the hypothesis is made that cellular organization is in a local energy minimum. Energy minimization in biological operations is not a new hypothesis, especially in the context of fitness and adaptation to the environment \[[@B20]-[@B22]\]. However, the implications of this hypothesis for subcellular organization have not been investigated from the standpoint of equilibrium chemical thermodynamics. Algorithms for computing the requisite standard molal Gibbs energies of proteins \[[@B23]\] and the relative abundances of proteins in metastable equilibrium \[[@B19]\] have recently been reported. The goal of this study is to perform these types of calculations for model systems representative of various levels of subcellular organization and to compare the results with observations and measurements reported in the literature. If successful, this exercise may lead to an enhanced awareness about the chemical forces that shape cellular structure.

The theoretical approach adopted here is based on the description of a chemical system in terms of intensive variables. These variables include temperature, pressure and the chemical potentials of the system. It is convenient to denote the chemical potentials by the chemical activities or fugacities of basis species, for example the activity of H^+^(which defines pH) or the fugacity of oxygen. This permits comparison of the parameters of the model with reference systems described in experimental and other theoretical biochemical studies. In the following calculations, temperature and pressure were set to 25°C and 1 bar, respectively, and the logarithm of oxygen fugacity is the primary variable of interest. Below, oxidation-reduction potential and oxygen fugacity are used synonymously, and redox refers specifically to Eh. The oxidation-reduction potential of a system can be expressed in terms of Eh using an equation given in the Methods.

*S. cerevisiae*was chosen as a model system for the current investigation because there is abundant information about the subcellular distribution of proteins as well as independent measurements of the pH and oxidation state of some subcellular compartments. Also, the cellular development of yeast is extensively documented, which can yield other comparisons for some of the results of the model calculations.

There are two major parts to this paper. In the first part, the reactions corresponding to intercompartmental interactions between subcellular homologs (or isoforms) of particular enzymes and between reference model proteins for different compartments are quantified by calculating the oxygen fugacities for equal chemical activities of the reacting proteins in metastable equilibrium. The relative metastabilities of the reference model proteins are compared with some observations from the literature about reaction progress during the cell cycle. Specific known interactions between compartments are considered in order to derive values of the oxygen fugacity within compartments that best metastabilize the proteins contained within them. In the second part of this paper, the relative abundances of model proteins in metastable equilibrium are calculated and compared with measured abundances. The range of protein abundances in a metastable equilibrium population often approaches that seen in experiments over a narrow window of oxygen fugacity. Positive and negative correlations between the calculated and experimental relative abundances are found in some cases. The paper concludes with a summary of the findings and other implications of the hypothesis.

Presentation of the hypothesis
==============================

Part of a cell\'s expenditure of metabolic fuel is directed toward the formation of proteins, including their synthesis and transport to other compartments. Even when it is normalized to the lengths of the proteins, the energy required for protein formation is not a constant, but depends on the composition and environment of the protein. If these energy differences are quantified, the relative abundances of model proteins in metastable equilibrium can be calculated. The compositions of these metastable assemblages depend on local environmental variables such as oxygen fugacity, which is a scale for oxidation-reduction potential in a system. The major hypothesis adopted for this investigation is that energy minimization is a force contributing to the organization of cells; this implies the possibility of an evolutionary convergence between biomolecular composition and the chemical properties of subcellular compartments. In a first set of tests of this hypothesis, chemical reactions among model proteins in known intercompartmental interactions were used to obtain values of oxygen fugacity for subcellular compartments that can be compared with measured redox values. A second set of calculations presented here shows that the relative abundances of proteins within compartments and of those that form complexes can be correlated in some cases with metastable equilibrium assemblages. These results provide theoretical constraints on the spontaneous generation of order in the distributions of proteins within cells and imply that work done by maintaining oxidation-reduction gradients can selectively alter the degrees of formation of assemblages of proteins.

Testing the hypothesis
======================

Relative metastabilities of subcellular homologs of redoxins
------------------------------------------------------------

Yeast cells have cytoplasmic, nuclear and mitochondrial homologs of glutaredoxin \[[@B24]-[@B26]\] and cytoplasmic and mitochondrial homologs of thioredoxin and thioredoxin reductase \[[@B27],[@B28]\]. The names and chemical formulas of these proteins are listed in Table [1](#T1){ref-type="table"}, together with some computed properties. The average nominal oxidation state of carbon () is a function of the relative proportions of the elements in the chemical formula (see Methods). In Table [1](#T1){ref-type="table"} the proteins with the lowest values of are the mitochondrial homologs and those with the highest values of are the nuclear homologs. Accordingly, the formation of the mitochondrial and nuclear proteins are energetically favored by relatively reducing and oxidizing conditions, respectively.

###### 

Subcellular isoforms of glutaredoxin, thioredoxin and thioredoxin reductase in yeast^a^.

  Protein   SWISS-PROT         Location        Length   Formula                                    *Z*     
  --------- ------------------ --------------- -------- --------------------------------- -------- ------- --------
                               Glutaredoxin                                                                
  GLRX1     [P25373](P25373)   Cytoplasm       110      C~549~H~886~N~146~O~170~S~4~      -4565    -5.8    -0.182
  GLRX2     [P17695](P17695)   Mitochondrion   143      C~715~H~1161~N~181~O~213~S~5~     -5617    0.1     -0.255
  GLRX3     [Q03835](Q03835)   Nucleus         285      C~1444~H~2195~N~371~O~463~S~10~   -12031   -24.5   -0.094
  GLRX4     [P32642](P32642)   Nucleus         244      C~1226~H~1910~N~316~O~389~S~6~    -10276   -17.8   -0.140
  GLRX5     [Q02784](Q02784)   Mitochondrion   150      C~762~H~1200~N~196~O~227~S~6~     -5841    -6.1    -0.192
                                                                                                           
                               Thioredoxin                                                                 
  TRX1      [P22217](P22217)   Cytoplasm       102      C~502~H~785~N~123~O~150~S~5~      -3969    -3.1    -0.211
  TRX2      [P22803](P22803)   Cytoplasm       103      C~497~H~780~N~122~O~153~S~5~      -4056    -3.1    -0.197
  TRXB1     [P29509](P29509)   Cytoplasm       318      C~1509~H~2412~N~402~O~471~S~12~   -12330   -4.7    -0.159
  TRX3      [P25372](P25372)   Mitochondrion   127      C~651~H~1049~N~167~O~181~S~10~    -4617    4.9     -0.255
  TRXB2     [P38816](P38816)   Mitochondrion   342      C~1640~H~2615~N~449~O~501~S~14~   -12841   -1.5    -0.145

**a**. Amino acid compositions of subcellular isoforms of glutaredoxin (GLRX), thioredoxin (TRX) and thioredoxin reductase (TRXB) in *S. cerevisiae*were taken from the SWISS-PROT database \[[@B64]\] (accession numbers shown in the table). Chemical formulas of nonionized proteins, and calculated standard molal Gibbs energy of formation from the elements (, in kcal mol^-1^at 25°C and 1 bar) and net ionization state (*Z*) at pH = 7 of charged proteins are listed. Average nominal oxidation state of carbon () was calculated using Eqn. (6).

To quantify the metastability limits of the proteins in terms of the chemical environment, one can assess the energetics of formation reactions for the proteins. At metastable equilibrium, the predominant protein in a population is the one with the highest chemical activity (in this communication, activity refers to chemical activity rather than enzymatic activity; activity is equivalent to concentration for ideal systems, where activity coefficients are unity). This statement implies that the overall formation reaction from basis species (see Methods) for the predominant protein has a lower Gibbs energy (or higher chemical affinity) than any of the others. The consequences of these relationships can be portrayed on chemical activity diagrams using a previously described procedure that is encoded in the CHNOSZ software package \[[@B19]\], which was used to perform the calculations reported below (see Methods). Additional File [1](#S1){ref-type="supplementary-material"} includes the program script and data files that were used to carry out these calculations and generate the tables and figures. So that the results described in this section can be reconstructed at pH = 7, the standard molal Gibbs energies () and net charges of ionized proteins at this pH are listed in Table [1](#T1){ref-type="table"}.

In Figs. [1a](#F1){ref-type="fig"} and [1b](#F1){ref-type="fig"} the metastable equilibrium predominance limits of ionized proteins in the glutaredoxin and thioredoxin/thioredoxin reductase model systems are shown as a function of the logarithm of oxygen fugacity and pH. The computation of the relative metastabilities of the proteins included all five model proteins in the glutaredoxin system as candidates, but note in Fig. [1a](#F1){ref-type="fig"} that only two of the five proteins appear on the diagram. Those that do not appear are less metastable, or have greater energy requirements for their formation over the range of conditions represented in Fig. [1a](#F1){ref-type="fig"} than either of the proteins appearing in the figure.

![**Relative metastabilities of homologs of glutaredoxin and thioredoxin/thioredoxin reductase**. Predominance diagrams were generated for subcellular isoforms of (*a*, *c*, *e*) glutaredoxin (GLRX) and of (*b*, *d*, *f*) thioredoxin (TRX) and thioredoxin reductase (TRXB) in *S. cerevisiae*. The letters in parentheses following the labels indicate the subcellular compartment to which the protein is localized (C -- cytoplasm; M -- mitochondrion; N -- nucleus). Calculations were performed for ionized proteins at 25°C and 1 bar and for reference activities of basis species noted in the Methods. Reduction stability limits of H~2~O are shown by dashed lines; the dotted lines in (*c*) and (*d*) correspond to the plot limits of (*a*) and (*b*).](1752-0509-3-75-1){#F1}

The equal-activity lines in these pH diagrams are curved because the ionization states of the proteins depend on pH. The observation apparent in Fig. [1a](#F1){ref-type="fig"} that increasing log favors formation of the cytoplasmic protein homolog relative to its mitochondrial counterpart is also true for the thioredoxin/thioredoxin reductase system shown in Fig. [1b](#F1){ref-type="fig"}. In comparing Figs. [1a](#F1){ref-type="fig"} and [1b](#F1){ref-type="fig"} note that in the latter figure, predominance fields for a greater number of candidate proteins appear, and that the predominance field boundary between mitochondrial and cytoplasmic proteins occurs at a lower oxidation-reduction potential. The dashed lines shown in each diagram of Fig. [1](#F1){ref-type="fig"} are reference lines denoting the reduction stability limit of H~2~O (log ≈ -83.1 at 25°C and 1 bar \[[@B29]\]).

Predominance diagrams as a function of Eh and pH for the glutaredoxin and thioredoxin/thioredoxin reductase systems are shown in Figs. [1c](#F1){ref-type="fig"} and [1d](#F1){ref-type="fig"}. Like log , Eh and pH together are a measure of the oxidation-reduction potential of the system; the different scales can be converted using Eqn. (5) in the Methods. The trapezoidal areas bounded by dotted lines in Figs. [1c](#F1){ref-type="fig"} and [1d](#F1){ref-type="fig"} show the ranges of Eh and pH corresponding to the limits of the log -pH diagrams of Figs. [1a](#F1){ref-type="fig"} and [1b](#F1){ref-type="fig"}. It can be deduced from these diagrams that if the upper log limit of Fig. [1a](#F1){ref-type="fig"} were extended upward, this diagram would include a portion of the predominance field for the nuclear protein GLRX3.

It appears from Figs. [1a--b](#F1){ref-type="fig"} that increasing increasing log at constant pH, or increasing pH at constant oxidation-reduction potential have similar consequences for the relative metastabilities of the cytoplasmic and mitochondrial homologs. In this analysis, however, pH does not appear to be a very descriptive variable; the magnitude of the effect of changing oxygen fugacity over several log units is greater than the effect of changing pH by several units. In further calculations described below pH was set to 7.

In Figs. [1e](#F1){ref-type="fig"} and [1f](#F1){ref-type="fig"} the logarithm of activity of water (log ) appears as a variable. In Fig. [1e](#F1){ref-type="fig"} it can be seen that the formation of a nuclear homolog of glutaredoxin is favored relative to the cytoplasmic homologs by decreasing activity of water and/or increasing oxygen fugacity, and that increasing relative metastabilities of the mitochondrial proteins are consistent with lower oxidation-reduction potentials. In Fig. [1f](#F1){ref-type="fig"} it appears that the formation of the thioredoxin reductase relative to thioredoxin is favored by increasing , and that for the thioredoxin the relative metastabilities of the mitochondrial proteins increase with decreasing .

Comparison with subcellular redox measurements
----------------------------------------------

Let us compare the positions of the predominance fields in Fig. [1](#F1){ref-type="fig"} with measured subcellular redox states. The values of Eh derived from the concentrations of oxidized and reduced glutathione (GSSG and GSH, respectively) \[[@B2],[@B30]-[@B32]\] and fluorescent probes \[[@B33]\] in extra- and subcellular environments reported in various studies were converted to corresponding values of log using Eqn. (5) in the Methods and are listed in Table [2](#T2){ref-type="table"}. In order to fill in the table as completely as possible, it was necessary to consider measurements performed on eukaryotic cells other than *S. cerevisiae*(e.g., HeLa \[[@B34]\] and mouse hybridoma \[[@B35]\] cells). The values of pH required for conversion of Eh to log were also retrieved from the literature \[[@B36]-[@B38]\]. The computation of log from Eh was performed at 25°C and 1 bar and with log = 0. No measurements of vacuolar Eh were found, but it has been noted that Fe^+3^predominates over Fe^+2^in this compartment \[[@B39]\]. Hence, a nominal (and relatively very oxidizing) value of Eh for the vacuole was calculated that corresponds to equal activities of Fe^+3^and Fe^+2^.

###### 

Nominal electrochemical characteristics of subcellular environments in eukaryotes. Values refer to yeast cells unless noted otherwise.

  Environment                 Eh, volt              pH       log ^m^
  --------------------------- --------------------- -------- ----------------
  Extracellular (intestine)   -0.137 to -0.80^a^    3^g^     -83.3 to -79.4
  Cytoplasm                   -0.235 to -0.222^b^   6.5^h^   -75.9 to -75.0
  Nucleus                     \-^c^                 7.7^i^   \-^c^
  Mitochondrion               -0.360^d^             8^j^     -78.3
  Endoplasmic reticulum       -0.185 to -0.133^e^   7.2^k^   -69.7 to -66.2
  Vacuole                     \> +0.769^f^          6.2^l^   \> -9.2

**a**. \[[@B30]\] (*Homo sapiens*). **b**. The lower and upper values are taken from \[[@B32]\] and \[[@B31]\], respectively. **c**. The state of the GSSG/GSH couple in the nucleus is thought to be more reduced than in the cytoplasm \[[@B40]\] (see text). **d**. \[[@B33]\] (*Homo sapiens*HeLa \[[@B34]\] cells). **e**. \[[@B2]\] (*Mus musculus*: mouse hybridoma cells \[[@B35]\]). **f**. Calculated by combining the law of mass action for Fe^+3^+ e^-^⇌ Fe^+2^using standard molal Gibbs energies taken from Ref. \[[@B65]\] with . **g**. \[[@B36]\] (Homo sapiens). **h**. \[[@B37]\] (yeast). **i**. \[[@B66]\] (organism unspecified). **j**. \[[@B38]\] (HeLa) **k**. \[[@B67]\]. **l**. \[[@B1]\]. **m**. Values of Eh and pH listed here were combined with Eqn. (5) at *T*= 25°C, *P*= 1 bar and = 1 to generate the values of log .

The current understanding of the major trends of redox states in compartments of eukaryotic cells can be summarized as, from most reducing to most oxidizing, mitochondrion -- nucleus -- cytoplasm -- endoplasmic reticulum (ER) -- extracellular \[[@B40]\]. Strong redox gradients within the mitochondrion are essential to its function \[[@B41]\], which is not captured by the single values listed in Table [2](#T2){ref-type="table"}. Comparison nevertheless with the computational results shown in Fig. [1](#F1){ref-type="fig"} indicates that a relatively reducing environment does favor the mitochondrial homologs over the others shown in the diagram.

Measurements of GSH/GSSG concentrations point to a lower redox state in the nucleus than in the cytoplasm, but the present model has the nuclear proteins favored by relatively oxidizing conditions. Studies using nuclear magnetic resonance (NMR) showing that the hydration state of the nucleus is higher than the cytoplasm \[[@B42],[@B3]\] also seem to contradict the trend in Fig. [1e](#F1){ref-type="fig"} that the formation of the nuclear proteins is favored relative to their cytoplasmic counterparts by decreasing activity of water. Finally, mitochondrial pH is somewhat higher than that of the cytoplasm \[[@B37],[@B38]\], but in Figs. [1a](#F1){ref-type="fig"} and [1b](#F1){ref-type="fig"} it appears that the predicted energetic constraints favor the cytoplasmic proteins at higher pHs. These comparisons indicate that the investigated metastable equilibrium constraints are not entirely responsible for the spatial distribution of the isoforms of redoxins in the cell.

Relative metastabilities of reference model proteins
----------------------------------------------------

The reference model proteins used in this study represent the overall amino acid compositions of the proteins in individual compartments. The amino acid compositions of reference model proteins for 23 subcellular compartments were calculated as described in the Methods and are listed in Additional File [2](#S2){ref-type="supplementary-material"}; the chemical formulas and standard molal Gibbs energies are listed in Table [3](#T3){ref-type="table"}. The predominance diagrams in Fig. [2](#F2){ref-type="fig"} depicting the relative metastabilities of the reference model proteins as a function of log and log were generated in sequential order. The first diagram in this figure corresponds to a system in which all 23 reference model proteins were considered. Subsequent diagrams in Fig. [2](#F2){ref-type="fig"} were generated by eliminating from consideration some or all of the reference model proteins represented by predominance fields in the immediately preceding diagram. It can be seen in Fig. [2a](#F2){ref-type="fig"} that consideration of 23 reference model proteins resulted in predicted predominance fields for four proteins over the ranges of log and log shown in the diagram. The reference model proteins appearing in successive diagrams in Fig. [2](#F2){ref-type="fig"} are characterized by increasingly higher predicted energy requirements for their formation. Hence, the mitochondrial, nuclear and cytoplasmic reference model proteins appearing in Fig. [2b--d](#F2){ref-type="fig"} are relatively less metastable compared to those of early Golgi and ER appearing in Fig. [2a](#F2){ref-type="fig"}.

###### 

Chemical formulas, standard molal Gibbs energies and other properties for reference model proteins for compartments in yeast cells^a^.

  Location             Number   Length   Formula                                                               *Z*              log
  -------------------- -------- -------- ------------------------------------------------------------ -------- ------- -------- -------
  actin                22       469.41   C~2316~.~66~H~3636~.~43~N~632~.~31~O~721~.~64~S~10~.~01~     -18506   -5.3    -0.119   -74.7
  ambiguous            123      572.02   C~2816~.~55~H~4465~.~61~N~759~.~39~O~870~.~87~S~17~.~91~     -22616   -9.6    -0.146   NA
  bud                  57       462.56   C~2366~.~32~H~3668~.~44~N~614~.~02~O~681~.~16~S~20~.~19~     -16641   5.4     -0.179   -75.4
  bud.neck             11       905.26   C~4543~.~68~H~7203~.~75~N~1250~.~35~O~1443~.~95~S~26~.~67~   -38103   -16.8   -0.113   -69.2
  cell.periphery       38       826.07   C~4178~.~75~H~6505~.~8~N~1098~.~18~O~1229~.~93~S~33~.~77~    -30641   1.7     -0.164   -79.4
  cytoplasm            746      436.12   C~2164~.~42~H~3440~.~33~N~590~.~61~O~659~.~94~S~12~.~66~     -17065   -2.7    -0.149   -73.5
  early.Golgi          9        622.83   C~3198~.~27~H~5068~.~06~N~821~.~28~O~972~.~56~S~21~.~53~     -25441   -19.7   -0.193   -78.0
  endosome             30       484.06   C~2441~.~34~H~3871~.~24~N~661~.~02~O~767~.~51~S~14~.~17~     -20265   -12.1   -0.133   -75.8
  ER                   197      245.57   C~1206~.~09~H~1897~.~94~N~314~.~1~O~365~.~15~S~8~.~58~       -9276    -3.0    -0.173   -77.8
  ER.to.Golgi          5        595.02   C~2951~.~77~H~4601~.~25~N~790~.~99~O~907~.~31~S~18~.~89~     -22861   -13.3   -0.127   NA
  Golgi                14       481.43   C~2502~.~96~H~3880~.~54~N~651~.~84~O~740~S~13~.~63~          -18516   -5.4    -0.167   -77.6
  late.Golgi           29       787.94   C~4015~.~6~H~6312~.~79~N~1044~.~15~O~1217~.~15~S~22~.~72~    -31255   -24.7   -0.174   -77.4
  lipid.particle       17       501.83   C~2573~.~36~H~3985~.~56~N~672~.~88~O~751~.~67~S~17~.~52~     -18687   -4.1    -0.167   -75.0
  microtubule          10       497.13   C~2509~.~19~H~3969~.~36~N~690~O~774~.~61~S~17~.~95~          -20031   -4.0    -0.125   -75.0
  mitochondrion        426      402.95   C~1987~.~87~H~3166~.~52~N~542~.~82~O~596~.~6~S~13~.~18~      -15221   3.3     -0.160   -75.9
  nuclear.periphery    46       815.58   C~4111~H~6516~.~46~N~1092~.~04~O~1272~.~05~S~20~.~55~        -33146   -11.5   -0.159   -77.0
  nucleolus            60       605.43   C~2990~.~75~H~4768~.~81~N~820~.~31~O~957~.~91~S~14~.~52~     -25444   -10.4   -0.121   -75.6
  nucleus              453      339.30   C~1683~.~49~H~2686~.~85~N~472~.~89~O~517~.~13~S~8~.~7~       -13342   3.4     -0.129   -75.0
  peroxisome           18       422.30   C~2117~.~28~H~3334~.~08~N~568~.~6~O~641~.~97~S~13~.~56~      -16400   -2.0    -0.150   -74.8
  punctate.composite   61       467.64   C~2320~.~38~H~3662~.~92~N~633~.~84~O~751~.~45~S~10~.~52~     -19985   -22.3   -0.102   NA
  spindle.pole         30       398.53   C~1996~.~48~H~3176~.~93~N~555~.~45~O~642~.~49~S~12~.~63~     -17251   -13.5   -0.100   -79.5
  vacuolar.membrane    45       709.78   C~3532~.~93~H~5555~.~77~N~943~.~21~O~1075~.~43~S~23~.~29~    -27439   -15.3   -0.150   -73.4
  vacuole              67       428.85   C~2078~.~86~H~3186~.~53~N~542~.~71~O~668~.~01~S~14~.~34~     -17065   -18.1   -0.093   -73.2

**a**. Chemical formulas of nonionized reference model proteins and standard molal Gibbs energy of formation from the elements ( in kcal mol^-1^, at 25°C and 1 bar) and net ionization state (*Z*) at pH = 7 of ionized reference model proteins were calculated using the amino acid compositions given in Additional File [2](#S2){ref-type="supplementary-material"}. Values of the nominal oxidation state of carbon () were calculated using Eqn. (6). The model log values for the compartments were obtained from the metastability limits of subcellular interactions listed in Table 4 (see text).

![**Relative metastabilities of reference model proteins for compartments**. Predominance diagrams were generated as a function of log and log at 25°C and 1 bar for the reference model proteins listed in Table 3. The diagram in (*a*) represents 23 reference model proteins; diagrams in panels (*b*)-(*f*) represent systems with successively fewer reference model proteins as candidates.](1752-0509-3-75-2){#F2}

Can the relative metastabilities of proteins be linked to the order of their appearance in the cell cycle? It is noteworthy that the reference model proteins representing the two cytoskeletal systems in yeast cells, actin and microtubule, appear near opposite ends of the energy spectrum. This outcome may be consistent with the observation that actin in different forms appears to be present at most stages of the cell cycle \[[@B43]\], but that the microtubule cytoskeleton grows during anaphase (i.e., the stage of the cell cycle characterized by physical separation of the chromosomes \[[@B44]\]) and is degraded during other stages of the cell cycle \[[@B43],[@B44]\]. The outcome of the mitotic cycle in *S. cerevisiae*is the growth of a new cell in the form of a bud \[[@B44]\]. Not all structures in the bud form simultaneously. Instead, it has been observed that \[[@B45]\]\"the endoplasmic reticulum, Golgi, mitochondria, and vacuoles all begin to populate the bud well before anaphase and that their segregation into the bud does not require microtubules\". From Fig. [2](#F2){ref-type="fig"} it is apparent that the proteins in the vacuole, ER, mitochondria and Golgi are all energetically less costly than many of their counterparts in other subcellular locations. The proteins in actin and lipid particles are also relatively metastable, which could imply that they too have a primary position in the formation of new cells. These and other potential consequences of energetic differences between the biomacromolecules in subcellular compartments have not been fully explored.

Intercompartmental protein interactions
---------------------------------------

The diagrams in Fig. [2](#F2){ref-type="fig"} show the metastability limits for interactions between predominant reference model proteins for different subcellular compartments. However, many subcellular interactions may in fact be meta-metastable with respect to the reaction boundaries shown in Fig. [2](#F2){ref-type="fig"}. For example, interactions occur between proteins in the cytoplasm and nucleus \[[@B46]\], but the reference model proteins for these compartments do not share a reaction boundary in Fig. [2](#F2){ref-type="fig"}. Below, known intercompartmental interactions are combined with the oxygen fugacity requirements for equal activities of the reference model proteins to characterize compartmental oxidation-reduction potentials.

To assess the biochemical evidence for specific interactions between proteins in different compartments in yeast cells, a series of review papers was surveyed \[[@B43],[@B47],[@B46],[@B50]\]. The identified source statements are listed in Additional File [3](#S3){ref-type="supplementary-material"}, and simplified pairwise representations of the interactions are summarized in Table [4](#T4){ref-type="table"}. Of 190 possible combinations between any two of the 20 subcellular compartments (this count excludes the ambiguous location and ER to Golgi and punctate composite, which did not appear in the literature survey), 46 interactions were identified through this survey.

###### 

Major intercompartmental protein interactions in yeast^a^.

  Interaction                                   log     Interaction                                     log
  ------------------------------------ -------- ------- -------------------------------------- -------- -------
  **actin**-**bud**                    0.262    -74.9   **vacuole**-**bud**                    0.384    -75.3
  **actin**-bud.neck                   0.078    -83.5   **vacuole**-**cell periphery**         0.305    -75.7
  **actin**-**cell periphery**         0.183    -75.3   **vacuole**-**cytoplasm**              0.188    -73.4
  **actin**-**endosome**               0.129    -75.6   **vacuole**-endosome                   0.251    -75.9
  actin-**vacuolar membrane**          0.081    -73.3   **vacuole**-**late Golgi**             0.358    -75.4
  actin-**mitochondrion**              0.049    -64.2   **nucleus**-actin                      -0.039   -74.3
  **actin**-microtubule                0.123    -78.3   **nucleus**-microtubule                0.084    -80.1
  microtubule-**bud**                  0.139    -71.8   **nucleus**-spindle pole               0.014    -82.3
  **microtubule**-**bud neck**         -0.045   -69.3   nucleus-**bud**                        0.223    -74.9
  microtubule-**cell periphery**       0.060    -69.3   **nucleus**-bud neck                   0.039    -92.5
  microtubule-**cytoplasm**            -0.057   -89.8   nucleus-**cytoplasm**                  0.027    -59.7
  microtubule-**spindle pole**         -0.070   -79.7   **nucleus**-nucleolus                  -0.031   -70.0
  spindle.pole-**cytoplasm**           0.013    -35.1   **nuclear periphery**-**bud neck**     -0.081   -69.4
  spindle.pole-**nuclear periphery**   0.106    -76.3   nuclear periphery-**cytoplasm**        -0.093   -82.0
  **ER**-cell.periphery                0.142    -82.3   **nuclear periphery**-**nucleus**      -0.120   -77.0
  **ER**-cytoplasm                     0.025    -96.5   **nuclear periphery**-nucleolus        -0.152   -75.5
  **ER**-**early Golgi**               0.259    -78.0   **peroxisome**-**cell periphery**      0.064    -78.7
  **ER**-nuclear.periphery             0.118    -85.0   peroxisome-**cytoplasm**               -0.053   -80.0
  **ER**-peroxisome                    0.078    -85.3   **peroxisome**-**lipid particle**      0.140    -74.9
  **Golgi**-**endosome**               -0.205   -75.9   peroxisome-**mitochondrion**           -0.071   -80.0
  **Golgi**-**vacuole**                -0.456   -75.9   **mitochondrion**-**cell periphery**   0.135    -79.4
  **Golgi**-**late Golgi**             -0.097   -77.5   **mitochondrion**-cytoplasm            0.017    -79.9
  Golgi-**early Golgi**                -0.034   -89.0   **mitochondrion**-nucleus              -0.010   -23.6

**a**. Interactions between proteins in different subcellular locations in *S. cerevisiae*were identified in the literature. The calculated reaction coefficients on O~2(*g*)~and the metastable equilibrium value of log were calculated for each reaction between reference model proteins. Names of locations shown in bold indicate that the model value of log for this compartment (Table 3) lies in the metastability range for the reference model protein in the particular reaction.

Chemical reactions corresponding to each of the interactions listed in Table [4](#T4){ref-type="table"} are listed in Additional File [4](#S4){ref-type="supplementary-material"}. The values of (coefficient on O~2(*g*)~in the reactions) are listed in Table [4](#T4){ref-type="table"} together with the values of log calculated for equal chemical activities of the two reference model proteins in each reaction. Note that there are some reactions where the absolute value of is substantially smaller than the others; these include spindle pole-cytoplasm and mitochondrion-nucleus. Because of the small value of in these reactions, the values of log for equal activities of these proteins tend to be more extreme than for other reactions. The sign of denotes the thermodynamically favored direction of the reaction as log is changed from its equal-activity value; for example, at log = -74.9, the reference model proteins of actin and bud can metastably coexist with equal chemical activities, but at higher values that of actin predominates in a metastable assemblage.

The interactions listed in Table [4](#T4){ref-type="table"} were used to obtain model values of the oxygen fugacity in each compartment that are listed in Table [3](#T3){ref-type="table"}. The model value of the oxygen fugacity for each compartment was selected so that in as many cases as possible the reactions listed in Table [4](#T4){ref-type="table"} favor the formation of the reference model protein for this compartment relative to those of interacting compartments. For example, the log listed for the actin compartment is -74.7, which allows this reference model protein to be metastable relative to its interacting partners in the first four reactions listed in Table [4](#T4){ref-type="table"}. The limits of the model values of log were set to between ca. -70 and -80, so that some of the more extreme values listed in Table [4](#T4){ref-type="table"} were not considered in the analysis.

It is notable that at log = -75, the reference model protein for microtubule is not metastable with respect to any of its interacting partners except for bud neck. The reference model protein for microtubule only becomes relatively metastable at high oxygen fugacities (w.r.t. bud and cell periphery) or at low oxygen fugacities (w.r.t. cytoplasm and spindle pole). Hence, the value of log -75 taken here for the microtubule compartment is different from the values for other compartments, in that this represents conditions where the formation of its reference model protein is more unfavorable than that of most of its interacting partners.

Calculation of relative abundances of proteins
----------------------------------------------

Above, the interactions between subcellular homologs of enzymes and reference model proteins for subcellular compartments were used to derive oxygen fugacity limits for metastable reactions of proteins in different compartments. In the second part of this study, attention is focused on the relative abundances and intracompartmental interactions of proteins.

The logarithms of activities consistent with metastable equilibrium among all 23 reference model proteins are plotted in Fig. [3](#F3){ref-type="fig"} as a function of log . The relative abundances of the proteins were calculated as described in Ref. \[[@B19]\] for reactions that conserve amino acid residues; a specific example of this type of calculation is described in the Methods. Fig. [3](#F3){ref-type="fig"} presents in a different form the relationships shown in Fig. [2a](#F2){ref-type="fig"} at log = 0. Note that the same proteins predominate at the extremes of oxygen fugacity represented in Fig. [3](#F3){ref-type="fig"} and in Fig. [2a](#F2){ref-type="fig"} (reducing -- early Golgi; oxidizing -- vacuole) and that the reference model protein of microtubule appears with low relative abundance. Also note that there is a minimum in the range of calculated activities of the reference model proteins around log = -75 to -76; changing oxidation-reduction potential alters not only the identity of the predominant protein in a metastably interacting population but also the relative abundances of all the others. There is probably not a single value of log where the calculated relative abundances of the reference model proteins shown in Fig. [3](#F3){ref-type="fig"} reflect the composition of the cell. Let us therefore look more closely at the relative abundances of proteins within compartments.

![**Metastable equilibrium abundances of reference model proteins and proteins as a function of oxygen fugacity**. The relative abundances of the reference model proteins identified in Table 1 were calculated as a function of log at 25°C and 1 bar and with total activity of amino acid residues equal to unity.](1752-0509-3-75-3){#F3}

Relative abundances of proteins within compartments
---------------------------------------------------

To model each of the compartments, up to 50 experimentally most abundant proteins were identified using data from Ref. \[[@B9]\]. The proteins that were selected were localized exclusively to each compartment, except for those of the bud. The numbers of proteins used to model each compartment are listed in Table [5](#T5){ref-type="table"}, and the names of the proteins together with computational results given in Additional File [5](#S5){ref-type="supplementary-material"}.

###### 

Oxygen fugacities, root mean square deviations and correlation coefficients in comparisons of intracompartmental protein interactions^a^.

  Most abundant proteins   Model complexes                                                   
  ------------------------ ----------------- ------- ------ ------- ---- ---- ------- ------ -------
  actin                    22                -75.5   0.61   0.19    1    5    -77.0   0.49   -0.10
  ambiguous                50                -73.5   0.90   0.42    2    7    -76.5   0.52   0.50
  bud                      50                -72.5   1.17   -0.02   3    5    -73.5   0.53   -0.30
  bud neck                 11                -75.5   0.73   0.02    4    6    -78.5   0.56   0.66
  cell periphery           38                -74.5   0.63   0.42    5    4    -74.5   0.45   0.20
  cytoplasm                50                -78.0   1.09   0.19    6    7    -78.5   0.64   -0.82
  early Golgi              9                 -74.0   0.72   0.45    7    4    -76.0   0.66   -0.80
  endosome                 30                -75.5   0.86   0.28    8    4    -76.5   0.76   -0.80
  ER                       49                -76.0   0.97   0.03    9    3    -77.0   0.07   1.00
  ER to Golgi              5                 -78.0   0.40   0.40    10   4    -76.0   0.45   1.00
  Golgi                    14                -76.0   0.88   -0.54   11   10   -74.5   0.62   -0.04
  late Golgi               29                -76.0   0.73   0.17    12   5    -75.0   1.15   0.60
  lipid particle           17                -78.0   0.92   0.22    13   12   -76.0   0.93   -0.19
  microtubule              10                -75.0   0.61   0.36    14   7    -74.5   1.04   -0.75
  mitochondrion            50                -75.0   0.53   0.46    15   17   -77.5   0.44   0.30
  nuclear periphery        46                -76.0   0.62   0.32    16   23   -76.0   0.43   0.52
  nucleolus                50                -74.0   0.72   0.18    17   6    -77.5   0.26   1.00
  nucleus                  50                -75.0   0.80   -0.02   18   5    -78.5   0.24   0.90
  peroxisome               18                -75.5   0.55   0.56    19   8    -75.5   0.65   0.57
  punctate composite       49                -74.0   0.78   0.19    20   15   -74.0   0.68   0.64
  spindle pole             30                -75.5   1.02   0.12    21   5    -72.0   0.78   0.80
  vacuolar membrane        45                -74.0   0.92   0.48    22   15   -74.0   0.94   0.50
  vacuole                  50                -74.5   1.42   0.23    23   9    -75.0   0.71   0.52

**a**. Values of log in each location were obtained by comparing calculated and experimental logarithms of activities of the most abundant proteins in different subcellular compartments and of model complexes for each location (Additional File [6](#S6){ref-type="supplementary-material"}). *n*denotes the number of model proteins used in the calculations. RMSD values were calculated using Eqn. (7), and ρ denotes the Spearman rank correlation coefficient, calculated using Eqn. (8).

In Fig. [4](#F4){ref-type="fig"} the relative abundances of the five model proteins localized exclusively to ER to Golgi are shown as a function of log . A worked-out example of the calculations leading to this figure is described in the Methods. The results of the calculations described there correspond to the dotted line at log = -75.3 in Fig. [4](#F4){ref-type="fig"}. At this oxygen fugacity, the rank order of abundances of the model proteins in metastable equilibrium is identical to the rank order of experimental abundances. The figure was generated in whole by carrying out the calculation for different reference values of log . There is a narrow range on either side of log = -75.3 (ca. ± 0.05) where the relative abundances of the proteins in metastable equilibrium occur in the same rank order. Beyond these limits, changing drives the composition of the metastable equilibrium assemblage to other states that do not overlap as closely with the experimental rankings.

![**Metastable equilibrium abundances of reference model proteins and proteins as a function of oxygen fugacity**. The relative abundances of five proteins localized to ER to Golgi whose experimental abundances were reported in \[[@B9]\] were calculated as a function of log at 25°C and 1 bar and with total activity of amino acid residues equal to unity. The rightmost dotted line indicates conditions where the calculated abundance ranking of the proteins is identical to that found in the experiments, and the leftmost dotted line where the calculated logarithms of activities have a lower overall deviation from experimental ones, which are indicated by the points. This value of log (-78) was used to construct the corresponding diagram in Fig. 5.](1752-0509-3-75-4){#F4}

The experimental abundances of the proteins reported by \[[@B9]\] are 21400, 12200, 1840, 1720 and 358, respectively, in relative units. These abundances were scaled to the same total activity of amino acid residues (unity) used in the calculations to generate the experimental relative abundances plotted at the dashed line in Fig. [4](#F4){ref-type="fig"} at log = -78. Under these conditions, the metastable equilibrium abundances of the proteins do not occur in exactly the same rank order as the experimental ones, but there is a greater overall correspondence with the experimental relative abundances.

Similar calculations were repeated for each of the other compartments identified in Ref. \[[@B8]\]. The relative abundances of the proteins were calculated at 0.5 log unit increments from log = -82 to -70.5. Scatterplots of the experimental vs. calculated relative abundances are shown in Additional File [6](#S6){ref-type="supplementary-material"}. These comparisons were assessed to obtain values of log , listed in Table [5](#T5){ref-type="table"}, that yield the best fit between calculated and experimental relative abundances. The best-fit calculated relative abundances are listed together with the experimental ones in Additional File [5](#S5){ref-type="supplementary-material"}, and the corresponding best-fit scatterplots for each set of model proteins are shown in Fig. [5](#F5){ref-type="fig"}.

![**Comparison of experimental and calculated logarithms of activities of proteins in compartments**. Red and blue colors denote, respectively, low and high average nominal carbon oxidation states () of the protein. Dotted lines are positioned at one RMSD above and below one-to-one correspondence, which is denoted by the solid lines. Outlying points are labeled with letters that are keyed to the proteins in Additional File [5](#S5){ref-type="supplementary-material"}. The values of log used in the calculations are listed in Table 5.](1752-0509-3-75-5){#F5}

The retrieval of optimal values of log was aided by calculating the root mean square deviation (RMSD) of logarithms of activities using Eqn. (7) and the Spearman rank correlation coefficient (*ρ*; Eqn. 8) between experimental and calculated logarithms of activities. The dotted lines in Fig. [5](#F5){ref-type="fig"} were drawn at one RMSD on either side of the one-to-one correspondence, denoted by the solid lines in this figure. The RMSD values were used to identify outliers that are identified in Fig. [5](#F5){ref-type="fig"} by letters that are listed in Additional File [5](#S5){ref-type="supplementary-material"}. To aid in distinguishing the points, they were assigned colors on a red (reduced) -- blue (oxidized) scale that reflects the average nominal oxidation state of carbon of the protein (Eqn. 6).

There is a considerable degree of scatter apparent in many of the plots shown in Fig. [5](#F5){ref-type="fig"}, so a low degree of certainty may be associated with the log values regressed from these comparisons. In specific cases such as peroxisome and nuclear periphery a lower overall deviation is apparent and a positive correlation appears between the calculated and experimental relative abundances. Because they were regressed from intracompartmental protein abundance data, the values of log listed in Table [5](#T5){ref-type="table"} might not be as representative of subcellular oxidation-reduction conditions as those listed in Table [3](#T3){ref-type="table"}, which have the additional benefit of being based partly on known subcellular interactions (see above).

The comparisons depicted in Fig. [5](#F5){ref-type="fig"} and in Additional File [6](#S6){ref-type="supplementary-material"} are also significant because they reveal that the range of protein abundances observed in cells is accessible in a metastable equilibrium assemblage at some values of log . For example, the range of experimental abundances of the model proteins in actin covers about 1.6 orders of magnitude, while the calculated abundances vary over about 2.2 orders of magnitude. Extreme values of log tend to weaken this correspondence. The lowest degree of correspondence occurs for the cytoplasmic proteins, where \~5 orders of magnitude separate the predicted relative abundances of the top 50 most abundant proteins, which in the experimental measurements have a dynamic range spanning about 1.2 orders of magnitude. The great degree of scatter apparent in many of the comparisons in Fig. [5](#F5){ref-type="fig"} could be partly a consequence of including in the comparisons model proteins that do not actually interact with each other, despite their high relative abundances. To address this concern, a more directed approach was adopted below that takes account of fewer numbers of proteins that are known to interact through the formation of complexes.

Relative abundances of proteins in complexes
--------------------------------------------

The correspondence between the calculated and experimental relative abundances of the five model proteins in ER to Golgi raises the question of what characteristics of the proteins might be responsible for this result. Scanning the functional annotations of these proteins reveals that they are part of the COPII coat complex \[[@B51]\]. The results for this model system suggested that focusing on specific complexes in other compartments could yield interesting results. Because the interactions of proteins to form complexes is essential in cellular structure and regulating the functions of enzymes \[[@B12]\], factors that affect the relative abundances of the complexing proteins may be fundamental to the control of metabolic processes.

The model complexes used in this study are identified in Table [6](#T6){ref-type="table"} and the individual proteins in each complex are listed in Additional File [7](#S7){ref-type="supplementary-material"}. Each complex was nominally associated with a subcellular compartment based on the names and descriptions of the complexes available in the literature. Some exceptions are the cyclin-dependent protein kinase complex, the proteins of which are largely cytoplasmic and nuclear \[[@B8]\], but here is placed in the slot for the ambiguous location because no definitely ambiguously localized complexes could be identified. The proteins listed in Additional File [7](#S7){ref-type="supplementary-material"} under punctate composite are not part of a named complex but were chosen because they are localized to early Golgi and have the punctate composite characterization \[[@B8]\]. The other exceptions are the vacuolar model proteins (proteases and other canonical vacuolar proteins \[[@B52]\]), enzymes of the ergosterol biosynthetic pathway, some of which are associated with the lipid particle \[[@B53]\], and proteins integral to the peroxisomal membrane, which were identified using the Gene Ontology (GO) annotations in the SGD \[[@B51]\].

###### 

List of selected complexes^a^.

  \#   Location             Complex                                           References
  ---- -------------------- ------------------------------------------------- -------------------------
  1    actin                Arp2/3 complex                                    \[[@B68],[@B69]\] (423)
  2    ambiguous            cyclin-dependent protein kinase complex           \(343\)
  3    bud                  actin-associated motor protein complex 2          \[[@B70]\] (49)
  4    bud.neck             septin complex                                    \[[@B71]\] (333)
  5    cell.periphery       exocyst complex                                   \(120\)
  6    cytoplasm            translation initiation factor eIF3                \(45\)
  7    early.Golgi          SNARE complex                                     \[[@B72]\] (113)
  8    endosome             ESCRT I & II complexes                            \[[@B73],[@B74]\]
  9    ER                   signal recognition complex                        \(52\)
  10   ER.to.Golgi          coatomer COPII complex                            \(340\)
  11   Golgi                Golgi transport complex                           \(293\)
  12   late.Golgi           retrograde protein complex                        \[[@B75]\] (114)
  13   lipid.particle       sterol biosynthesis enzymes                       \[[@B53]\]
  14   microtubule          DASH complex                                      \[[@B76]\]
  15   mitochondrion        mitochondrial ribosome small subunit              \(9\)
  16   nuclear.periphery    nuclear pore complex                              \[[@B77]\]
  17   nucleolus            small subunit processome                          \[[@B78]\] (70)
  18   nucleus              RNA polymerase I                                  \(30\)
  19   peroxisome           integral to peroxisomal membrane                  (GO:0005779)
  20   punctate.composite   proteins localized here and early.Golgi           
  21   spindle.pole         spindle-pole body complex                         \[[@B79]\] (219)
  22   vacuolar.membrane    VO vacuolar ATPase complex                        \(14\)
  23   vacuole              vacuolar proteases and other canonical proteins   \[[@B52]\]

**a**. Numbers in parentheses refer to the ID number of the complex, if available, from <http://yeast-complexes.embl.de/>. embl.de \[[@B80]\]. Compositions and localizations of complexes were also taken from references listed in square brackets.

The calculated metastable equilibrium logarithms of activities of the proteins in each complex are shown as a function of log in Additional File [8](#S8){ref-type="supplementary-material"}. The calculated logarithms of activities of the proteins were compared with experimental ones by constructing scatterplots at 0.5 log unit intervals from log = -82 to -70.5, which are shown in Additional File [6](#S6){ref-type="supplementary-material"}. As described above, visual assessment of fit was used in combination with the RMSD and Spearman rank correlation coefficients to obtain values of log that maximize the correspondence with experimental relative abundances. The resulting calculated relative abundances are listed together with the experimental ones in Additional File [9](#S9){ref-type="supplementary-material"}.

The number of model proteins in the complexes is less than the number of most abundant proteins in the compartments considered in the preceding section. Some of the model complexes represented in Fig. [6](#F6){ref-type="fig"} exhibit an apparent positive correlation between calculated and experimental logarithms of activities; these include nuclear pore complex and small subunit processome. A negative correlation between calculated and experimental logarithms of activities is apparent for proteins in the ESCRT I & II complexes and DASH complex. A few of the other complexes (Golgi transport complex, sterol biosynthesis enzymes) exhibit very little overall correspondence between calculated and experimental logarithms of activities.

![**Comparison of experimental and calculated logarithms of activities of model proteins for complexes**. Symbols are as in Fig. 5; the model proteins and the outliers (identified by letters) are listed in Additional File [9](#S9){ref-type="supplementary-material"}.](1752-0509-3-75-6){#F6}

The results in Fig. [6](#F6){ref-type="fig"} permit an interpretation of the relative energetic requirements for formation of different groups of interacting proteins. Take for example complex 14, which is the DASH complex that associates with the microtubule. A negative correlation between the experimental and calculated relative abundances is apparent for this complex in Fig. [6](#F6){ref-type="fig"}. The RMSD between calculated and experimental logarithms of activities of proteins is 1.04, which is among the highest listed in Table [5](#T5){ref-type="table"}. Note from Eqn. (11) that a \~1 log unit change in the chemical activity of a chemical species corresponds to a Gibbs energy difference equal to 2.303*RT*. An average difference of \~1 between calculated and experimental logarithms of activity indicates that the formation of the proteins requires 2.303*RT*= 1364 cal mol^-1^beyond what would be needed if the proteins formed in metastable equilibrium relative abundances. On the other hand, the formation in specific oxidation-reduction conditions of proteins making up other assemblages where cellular abundances positively correlate with and span the same range as the metastable equilibrium distribution can proceed close to a local minimum energy required for protein formation.

Because of their relatively high energy demands, proteins in complexes such as the DASH complex and the spindle pole body are likely to be more dynamic in the cell. (Note that although a positive rank correlation coefficient for the latter complex is reported in Table [5](#T5){ref-type="table"}, at a lower oxygen fugacity (log = -77.5) an inverse correlation results between experimental abundances and calculated metastable equilibrium relative abundances of the proteins in this complex; see Additional File [6](#S6){ref-type="supplementary-material"}). The finding made elsewhere of some inverse relationships between relative abundance of proteins and corresponding mRNA levels was interpreted as evidence for additional effort on the part of the cell \[[@B54]\]. An inverse relationship that opposes equilibrium may be favored in evolution because of the strategic advantage of incorporating otherwise costly (rare) amino acids that increase enzymatic diversity \[[@B55]\].

The differences in the numbers of proteins considered in each of the comparisons implies that the values of the correlation coefficients are not directly comparable. The p-values for each of the correlations listed in Table [5](#T5){ref-type="table"} were calculated and are reported in Additional File [10](#S10){ref-type="supplementary-material"}. The p-value is the probability that the value of the observed correlation coefficient can be met or exceeded by a random configuration of the system. The present calculations suggest that the lowest p-values are associated with the collections of greater than ca. 40 proteins listed in Table [5](#T5){ref-type="table"} that have a Spearman rank correlation coefficient greater than ca. 0.4. Using the p-value as a criterion, the most convincing demonstrations of the existence of correlations appear in the most abundant proteins of the vacuolar membrane and cell periphery. By comparison, the smaller systems of proteins making up complexes, which in some cases have higher correlation coefficients, also have relatively high p-values, indicating a greater probability that the same result can be obtained in a random configuration.

Implications of the hypothesis
------------------------------

Tests of several specific predictions of the hypothesis were discussed in the preceding sections. The major results of these calculations and comparisons are listed below.

1\. Subcellular homologs of glutaredoxin and thioredoxin are metastable at different log ranges. The mitochondrial homolog appears to be more reduced, and the nuclear one most oxidized. Reactions within the glutaredoxin system also exhibit sensitivity to hydration state.

2\. Reference model proteins for 23 subcellular locations also have metastability limits in log space. The relationships are consistent with a relatively oxidized nuclear reference model protein, but that for the mitochondrion is intermediate between the nucleus and the cytoplasm. Among the reference model proteins predicted to be most stable (Fig. [2a--b](#F2){ref-type="fig"}), four are known to be involved in the early stages of formation of the bud. Golgi is predicted to be a reduced compartment while actin and the vacuole are relatively oxidized.

3\. The least stable reference model proteins are those for the microtubule and bud neck (Fig. [2f](#F2){ref-type="fig"} and Fig. [3](#F3){ref-type="fig"}). This observation suggests that the proteins in the microtubule are very reactive with other cellular components, and/or that they have a relatively high turnover rate.

4\. Observed trends in the relative abundances of the most abundant proteins in some compartments can be correlated with the relative abundances of proteins predicted using a metastable equilibrium model. Correlations between observed and predicted relative abundances for smaller numbers of proteins that make up complexes can also be documented. In some cases negative correlations may be supported, such as for the DASH complex (microtubule), translation initiation factor, and the early Golgi SNARE complex. The maintenance of these complexes might entail a higher energy demand than for others in the cell.

If the hypothesis adopted for this study was true, it would imply that there are processes that impart an energetic bias on the appearance of proteins in specific compartments. The thermodynamic model described above by itself gives no information about the possible nature of processes involved. Two processes that could be important are the work against diffusional gradients required for active protein transport and the turnover rates of subcellular populations of proteins. Regarding the former, it is the gradient of chemical potential (not concentration) of the biomacromolecule, that appears in statements such as Fick\'s Law. Differences in the chemical conditions between compartments would be expected to differentially contribute to the activity coefficients of proteins, so that the cost of transport to various compartment is not equal. Although the activity coefficients of proteins were not considered in this study, their values might depend on oxidation or hydration potential, so the the current results could be implicitly influenced by nonideality in the subcellular system. Regarding the latter process, one may expect that the turnover rates of proteins are tied to the local chemical environment. If, for example, the turnover rate of a population of proteins minimizes at a specific oxygen fugacity, then any deviations away from this oxidation potential would increase the turnover rate and cause the cell to expend more energy in maintaining this population.

If chemical energy minimization by the cell results in an increase in fitness, the energetic effects of the physical-chemical processes outlined above may constrain the overall process of natural selection. Therefore, the hypothesis also implies that an expected outcome of evolution is the formation of biomacromolecules with lower energy demands compared with other possible, and otherwise equal, products. How does this connect with the mechanism of protein transport and trafficking, i.e. that from their place of synthesis (ribosomes) proteins are transported to different subcellular locations, often under the influence of specific signal sequences? At one extreme, it is possible that the energetic differences between compartments are not influential in the evolution of the mechanism of protein sorting and trafficking. However, if the signal sequences themselves are chemically reactive to varying degrees depending on their subcellular environment, then selection for mutations in them might be tuned to both function and chemistry. It would not be surprising then to find evidence for the chemical adaptation of signal sequences to specific compartments.

These results and observations support the notion that changing oxidation-reduction potential can selectively alter the potential for reactions leading to formation of proteins and their complexes. Chemical selectivity in the dynamic formation in the cell of high-energy proteins could lead to transient formation of complexes that function only under certain conditions. Because of the different stability limits of the reference model proteins in log space, these results also in principle support the notion that \"a fundamental redox attractor underpins \... core cellular processes\"\[[@B56]\]. In reality, many chemical properties vary spatially in cells, including the hydration state, pH, activities of CO~2~and H~2~S, and temperature and pressure in the extracellular environment. These all factor into the Gibbs energy changes accompanying the chemical transformations between proteins, as do the thermodynamic properties of protein folding reactions and nonideality in protein solutions. Because of its energetic basis, the model used here can be extended in the future to incorporate the effects of these variables. Building these relationships into a multidimensional thermodynamic assessment is a promising avenue for predicting the chemical features of proteomic adaptation in the context of the cellular environment.

Methods
=======

The essential steps in the calculations reported here are 1) defining standard states, 2) identifying model proteins for systems of interest, 3) assessing the relative abundances of model proteins in metastable equilibrium, 4) visualizing the results of the calculations on chemical diagrams and 5) comparing the computational results with experimental biochemical and proteomic data.

Standard states and chemical activities
---------------------------------------

The activity of a species is related to the chemical potential of the species by

where *R*and *T*represent, respectively, the gas constant and the temperature, *μ*and *μ*○ stand for the chemical potential and standard chemical potential, respectively, and *a*denotes activity. No provision for activity coefficients of proteins or other species was used in this study; under this approximation, the activity of an aqueous species is equal to its concentration (molality).

The standard state for aqueous species including proteins specifies unit activity of the aqueous species in hypothetical one molal solution referenced to infinite dilution. The standard molal Gibbs energies of the proteins were calculated with the CHNOSZ software package \[[@B19]\] using group additivity properties and parameters taken from Ref. \[[@B23]\].

Reference model proteins for amino acid compositions
----------------------------------------------------

The overall amino acid compositions of proteins in 23 subcellular locations in *S. cerevisiae*were calculated by combining localization \[[@B8]\] and abundance \[[@B9]\] data for proteins measured in the YeastGFP project with amino acid compositions of proteins downloaded from the *Saccharomyces*Genome Database (SGD) \[[@B51]\]. Of 4155 ORF names listed in the YeastGFP dataset, all but 12 are present in SGD (the missing ones are YAR044W, YBR100W, YDR474C, YFL006W, YFR024C, YGL046W, YGR272C, YJL012C-A, YJL017W, YJL018W, YJL021C and YPR090W).

To generate reference model proteins that are most representative of each compartment, proteins that were annotated in the YeastGFP study as being localized to more than one compartment were excluded from this analysis (except for bud; see below), as were those for which no abundance was reported. The names of the open reading frames (ORFs) corresponding to the proteins in the YeastGFP data set were matched against the SGD\'s protein_properties.tab file downloaded on 2008-08-04. This search yielded a number of model proteins for each compartment, ranging from 5 (ER to Golgi) to 746 (cytoplasm); see Table [3](#T3){ref-type="table"}. The names of the compartments used throughout the tables and figures in this paper correspond to the notation used in the YeastGFP data files.

It was found that no proteins with reported abundances and localized to the bud were exclusive to that compartment, hence all of the proteins localized there (which also have localizations in other compartments) were taken as models for the bud reference model protein. The amino acid composition of the reference model protein for each compartment was calculated by taking the sum of the compositions of each model protein for a compartment in proportion to its fractional abundance in the total model protein population of the compartment. The resulting amino acid compositions are listed in Additional File [2](#S2){ref-type="supplementary-material"}. The corresponding chemical formulas of the nonionized reference model proteins and the calculated standard molal Gibbs energies of formation from the elements at 25°C and 1 bar of the ionized reference model proteins are shown in Table [3](#T3){ref-type="table"}.

Metastability calculations
--------------------------

Diagrams showing the predominant proteins and the relative abundances of proteins in metastable equilibrium were generated using the CHNOSZ software package \[[@B19]\]. These calculations take account of formation reactions of the proteins written for their residue equivalents \[[@B19]\]. An example of this approach is described further below for a specific model system.

The basis species appearing in the formation reactions studied here are CO~2(*aq*)~, H~2~O, NH~3(*aq*)~, O~2(*g*)~, H~2~S~(*aq*)~and H^+^. The reference activities used for the basis species were 10^-3^, 10^0^, 10^-4^, 10^-7^and 10^-7^, respectively, for CO~2(*aq*)~, H~2~O, NH~3(*aq*)~, H~2~S~(*aq*)~and H^+^. In the case of diagrams showing Eh as a variable, the aqueous electron (*e*^-^) was substituted for O~2(*g*)~in the basis species. Reference values for or are not listed here because one or the other is used as an independent variable in each of the calculations described above.

Conversion between scales of oxidation-reduction potential
----------------------------------------------------------

Conversion between the log and Eh scales of oxidation-reduction potential can be made by first writing the half-cell reaction for the dissociation of H~2~O as

Taking pH = -log and pe = -log , the logarithmic analog of the law of mass action for Reaction 2 can be written as:

where log *K*~2~stands for the logarithm of the equilibrium constant of Reaction 2 as a function of temperature and pressure. Eh is related to pe by \[[@B57]\]

where *F*and *R*denote the Faraday constant and the gas constant, respectively. Combining Eqns. (3) and (4) yields the following expression for Eh as a function of log and other variables:

At 25°C and 1 bar, *F*/2.303*RT*= 16.903 volt^-1^and log *K*~2~= -41.55; for pH = 7 and log = 0, a value of Eh = 0 V corresponds to log = -55. Eqn. (5) permits the conversion between Eh and log as well at other temperatures, pHs, and activities of H~2~O.

Average nominal oxidation state of carbon
-----------------------------------------

Let us write the chemical formula of a species of interest as where *Z*denotes the net charge. The average nominal oxidation state of carbon () of this species is given by

Eqn. (6) is consistent with the electronegativity rules described in \[[@B58]\] and is compatible with the equation for average oxidation number of carbon used in \[[@B59]\]. For example, Eqn. (6) can be used to calculate the average nominal oxidation states of carbon in CO~2~and CH~4~, which are +4 and -4, respectively. Note that the proportions of oxygen and other covalently bonded heteroatoms contribute to the value of of a protein or other molecule, but that proton ionization does not alter the nominal carbon oxidation state, because of the opposite contributions from *Z*and *n*~H~in Eqn. (6). In the 4143 proteins identified in the YeastGFP subcellular localization study and found in the *Saccharomyces*Genome Database, the minimum and maximum of are -0.414 and 0.390, respectively. Of the proteins in this dataset, six have \< -0.35 (YDR193W, YDR276C, YEL017C-A, YJL097W, YML007C-A, YMR292W) and six have \> 0.15 (YCL028W, YHR053C, YHR055C, YKR092C, YMR173W, YPL223C). The points in the scatterplots in this paper (Figs. [5](#F5){ref-type="fig"} and [6](#F6){ref-type="fig"} and Additional File [6](#S6){ref-type="supplementary-material"}) are colored on a continuous red-blue scale according to the value of of the proteins, where maximum red occurs at = -0.35 and maximum blue occurs at = 0.15.

Comparison with experimental relative abundances
------------------------------------------------

The root mean square deviation between calculated and experimental logarithms of activities was calculated using

where *X*~calc,\ *i*~and *X*~expt,\ *i*~denote the calculated and experimental logarithms of activities and *n*stands for the number of proteins. In the calculations described above, experimental abundances of proteins in each model system were scaled so that the total chemical activity of amino acid residues was equal to unity.

The Spearman rank correlation coefficient (*ρ*) was calculated using

where and *X*~calc,\ *i*~and *X*~expt,\ *i*~stand for the ranks of the corresponding logarithms of activities.

Calculating relative abundances of proteins in metastable equilibrium
---------------------------------------------------------------------

The following example demonstrates the procedure used to calculate the relative abundances of proteins in metastable equilibrium. The model proteins for ER to Golgi, in order of decreasing abundance in the cell reported by \[[@B9]\], are YLR208W, YHR098C, YDL195W, YNL049C and YPL085W. (For simplicity, the proteins are identified here by the names of the open reading frames (ORF).) The formula of the uncharged form of the first protein, YLR208W, is C~1485~H~2274~N~400~O~449~S~4~, and its amino acid sequence length is 297 residues. The standard molal Gibbs energy of formation from the elements () of this protein at 25°C and 1 bar calculated using group additivity \[[@B23]\] is -10670 kcal mol^-1^. At this temperature and pressure and at pH = 7, group additivity can also be used to calculate the charge of the protein (-10.8832) and the standard molal Gibbs energy of formation from the elements of the charged protein (-10880 kcal mol^-1^). The formula of the protein in this ionization state is C~1485~H~2263.1168~N~400~O~449~. Dividing by the length of the protein, we find that the formula and standard molal Gibbs energy of formation from the elements of the residue equivalent of YLR208W are C~5.0000~H~7.6199~N~1.3468~O~1.5118~ and -36.633 kcal mol^-1^, respectively.

The formation from basis species of the residue equivalent of YLR208W is consistent with

Similar reasoning can be applied to write the formation reaction of the residue equivalent of YHR098C as

At 929 residues, YHR098C is over 3 times as long as YLR208W, but in the formation reactions from the basis species of the residue equivalents of the two proteins, the coefficients on the basis species are similar. The difference between the coefficients of the same basis species in the reactions signifies the response of the metastable equilibrium assemblage to changes in the corresponding chemical activity or fugacity. For example, because and increasing , or at constant *T*, *P*and chemical activities of the other basis species shifts the metastable equilibrium in favor of YLR208W at the expense of YHR098C. Here, *ν*~*i*~denotes the reaction coefficient of the *i*th basis species or protein, which is negative for reactants and positive for products as written. Conversely, because and increasing , or (decreasing pH) at constant *T*, *P*and chemical activities of the other basis species shifts the metastable equilibrium in favor of YHR098C at the expense of YLR208W. The magnitude of the effect is proportional to the size of the difference between the coefficients of the basis species in the reactions, and it can be quantified for a specific model system using the following calculations.

To assess the relative abundances of the proteins in metastable equilibrium, we proceed by calculating the chemical affinities of each of the formation reactions. The chemical affinity (***A***) is calculated by combining the equilibrium constant (*K*) with the reaction activity product (*Q*) according to \[[@B60]\]

where 2.303 is the natural logarithm of 10, *R*stands for the gas constant, *T*is temperature in degrees Kelvin, is the standard molal Gibbs energy of the reaction, and *a*~*i*~and *ν*~*i*~represent the chemical activity and reaction coefficient of the *i*th basis species or species of interest (i.e., residue equivalent of the protein) in the reaction. Let us calculate (in kcal mol^-1^) of Reaction 9 by writing

In Eqn. (12) the values of of O~2(*g*)~and H^+^are both zero, which are consistent with the standard state conventions for gases and the hydrogen ion convention used in solution chemistry. The values of of the other basis species are taken from the literature \[[@B61]-[@B63]\]. The value of log *K*~9~consistent with Eqn. (12) is -392.19.

We now calculate the activity product of the reaction using

The values of *a*~*i*~used to write Eqn. (13) are the reference values listed in the Methods for and . The value of used in Eqn. (13) (log = -75.3) is also a reference value that, it will be shown, characterizes a metastable equilibrium distribution of proteins that is rank-identical to the measured relative abundances of the proteins. Finally, the value of *a*of the residue equivalent of the protein in Eqn. (13) is set to a reference value of unity (log *a*= 0). If we are only concerned with the relative abundances of the proteins in metastable equilibrium, the actual value used here does not matter so long as it is the same in the analogous calculations for the other proteins.

Combining Eqns. (11)--(13) yields ***A***~9~/2.303*RT*= -25.25 (this is a non-dimensional number). Following the same procedure for the other four proteins (YHR098C, YDL195W, YNL049C and YPL085W) results in ***A***/2.303*RT*equal to -24.86, -24.74, -24.93 and -24.94, respectively. Now let us turn to the relative abundances of the proteins in metastable equilibrium, which can be expressed in a manner analogous to a Maxwell-Boltzmann distribution:

where *a*~*t*~denotes the total activity of residue equivalents in the system and *n*stands for the number of proteins in the system. Note regarding the left-hand side of Eqn. (14) that because we are taking activity coefficients of unity, the ratio *a*~*i*~/*a*~*t*~is equal to the ratio of concentrations of residue equivalents in the system. No negative sign appears in front of ***A***/*RT*in the exponents Eqn. (14) because the chemical affinity is the negative of Gibbs energy change of the reaction. Note in addition that the values of ***A***/2.303*RT*given above must be multiplied by ln 10 = 2.303 before being substituted in Eqn. (14). By taking *a*~*t*~= 1, we can combine Eqn. (14) with ***A***/*RT*of each of the formation reactions to calculate chemical activities of the residue equivalents of the proteins equal to 0.0905, 0.2248, 0.2994, 0.1944 and 0.1909, respectively. The lengths of the proteins are 297, 929, 1273, 876 and 2195, so the corresponding logarithms of activities of the proteins are e.g. log (0.0905/297) = -3.52 for YLR208W, and -3.61, -3.63, -3.65 and -4.06 for the remaining proteins, respectively.
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###### Additional file 1

**Program script and data files for generating figures**. This program script and supporting files were used to generate the figures shown above. To generate the figures, the contents of the zip file can be placed into the R working directory before loading the CHNOSZ package (version 0.8). Then read in the script with source(\'plot.R\'). More details on the operation are provided at the top of the script file.

###### 

Click here for file

###### Additional file 2

**Amino acid compositions of reference model proteins**. Overall amino acid compositions of proteins in subcellular locations of *S. cerevisiae*were calculated from YeastGFP localization \[[@B8]\] and abundance \[[@B9]\] data downloaded from <http://yeastgfp.ucsf.edu/> combined with protein compositions downloaded from the *Saccharomyces*Genome Database <http://www.yeastgenome.org/>. The amino acid compositions of the reference model proteins were used to calculate the properties listed in Table [3](#T3){ref-type="table"}.

###### 

Click here for file

###### Additional file 3

**Interactions between subcellular compartments in yeast**. This file lists statements from Refs. \[[@B43],[@B47],[@B46],[@B50]\] used to identify the interactions between proteins in different compartments of *Saccharomyces cerevisiae*that are listed in Table [4](#T4){ref-type="table"}.

###### 

Click here for file

###### Additional file 4

**Intercompartmental protein reactions**. This table lists chemical reactions between residue equivalents of reference model proteins for interactions identified above. The charges of the reference model proteins were calculated at 25°C, 1 bar and pH = 7.

###### 

Click here for file

###### Additional file 5

**Abundance data for model proteins for compartments**. For the up to 50 most abundant model proteins in each compartment are listed the ORF name, sequence length, average nominal oxidation state of carbon (Eqn. 6), computed standard molal Gibbs energy at 25°C and 1 bar of the ionized protein and charge at pH = 7 and calculated and experimental logarithm of activity. This file also identifies the outlying points labeled with letters in Fig. [3](#F3){ref-type="fig"}.

###### 

Click here for file

###### Additional file 6

**Abundance comparison for model proteins for compartments and complexes**. Scatterplots of experimental vs. calculated logarithm of activity of model proteins in subcellular compartments were generated for a range of logarithm of oxygen fugacity from -82 to -70.5. The legend of each diagram indicates the logarithm of oxygen fugacity (\"O2\"in the legend), root mean square deviation (\"rmsd\" in the legend; RMSD in Eqn. 7) and the Spearman rank correlation coefficient (\"rr\" in the legend; ρ in Eqn. 8).

###### 

Click here for file

###### Additional file 7

**Identities of proteins in selected complexes**. Lists the proteins in the selected model complexes and whether their abundances are reported in the YeastGFP dataset. Proteins without experimental abundance data were not used in the comparisons discussed in this study.

###### 

Click here for file

###### Additional file 8

**Plots of relative abundances of model proteins for complexes**. The calculated relative abundances of model proteins in selected complexes are shown as a function of log .

###### 

Click here for file

###### Additional file 9

**Abundance data for model proteins for complexes**. For model proteins in selected complexes (see Additional File [7](#S7){ref-type="supplementary-material"}) are listed the ORF name, sequence length, average nominal oxidation state of carbon (Eqn. 6), computed standard molal Gibbs energy at 25°C and 1 bar of the ionized protein and charge at pH = 7 and calculated and experimental logarithm of activity.

###### 

Click here for file

###### Additional file 10

**Calculation of p-values for abundance rank correlations**. This file lists calculated p-values for the Spearman rank correlation coefficients and describes the steps used in the calculations.

###### 

Click here for file
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